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Bacterial mRNAs often contain leader sequences
that respond to specific metabolites or ions by
altering expression of the associated downstream
protein-coding sequences. Here we report that the
leader RNA of the Mg2+ transporter gene mgtA of
Salmonella enterica, which was previously known
to function as a Mg2+-sensing riboswitch, harbors
an 18 codon proline-rich open reading frame—
termed mgtL—that permits intracellular proline to
regulate mgtA expression. Interfering with mgtL
translation by genetic, pharmacological, or environ-
mental means was observed to increase the mRNA
levels from the mgtA coding region. Substitution of
the mgtL proline codons by other codons abolished
the response to proline and to hyperosmotic stress
but not to Mg2+. Our findings show that mRNA leader
sequences can consist of complex regulatory
elements that utilize different mechanisms to sense
separate signals and mediate an appropriate cellular
response.
INTRODUCTION
The leader region (LR) of many bacterial mRNAs has the ability
to form mutually exclusive secondary structures that determine
whether transcription will continue into the adjacent coding
region (CR). Which secondary structure forms is governed
by the binding of specific metabolites, ions, tRNAs, or proteins
to the LR, by pausing of RNA polymerase at particular sequences
within the LR and by translation of short open reading frames
(ORFs) located in the leader RNA (Grundy and Henkin, 2006;
Henkin, 2008; Henkin and Yanofsky, 2002; Landick et al., 1996;
Merino and Yanofsky, 2005; Turnbough and Switzer, 2008).These mRNA leaders typically control the expression of the
proteins that synthesize and/or transport the metabolites or
ions to which they respond. Whereas leaders known as ribos-
witches sensemetabolites or ions directly (Henkin, 2008;Winkler
and Breaker, 2005), the presence of stretches of certain nucleo-
tides in a leader sequence or particular codons in a leader ORF
enables cells to probe the cellular levels of the corresponding
nucleotides and amino acids indirectly. Here we identify a leader
mRNA that controls gene expression by responding to Mg2+
directly as a riboswitch and to proline levels indirectly, via trans-
lation of a proline-codon-rich open reading frame.
The mRNA for the Mg2+ transporter gene mgtA from Salmo-
nella enterica serovar Typhimurium includes a 264 nucleotide
long leader sequence that functions as aMg2+-responding ribos-
witch determining whether transcription proceeds into themgtA
CR (Cromie et al., 2006). In low Mg2+, the mgtA leader RNA
adopts a conformation (i.e., stem loop C) that favors transcrip-
tion of the full-lengthmgtAmRNA (Cromie et al., 2006) (Figure 1)
and production of the MgtA protein (Cromie and Groisman,
2010). MgtA-mediated Mg2+ uptake restores cytoplasmic Mg2+
to prestress levels, which promotes a different conformation in
themgtA leader RNA (i.e., stem loop B) that hinders transcription
elongation into the mgtA CR (Cromie et al., 2006) (Figure 1).
In addition to being regulated by a Mg2+-sensing riboswitch,
mgtA transcription is controlled at the initiation step by two
DNA binding proteins: PhoP, which activates transcription
when its cognate sensor PhoQ detects low extracytoplasmic
Mg2+ (Garcia Vescovi et al., 1996), acid pH (Prost et al., 2007),
or antimicrobial peptides (Bader et al., 2005); and Rob, the over-
expression of which stimulates mgtA transcription from a site
located downstream of the PhoP-dependent start site (Barchiesi
et al., 2008) (Figure 1). Thus, there is PhoP/PhoQ-dependent
production of the mgtA leader mRNA following bacterial growth
in media with <1 mM Mg2+ (Cromie et al., 2006) or pH 5.7 (Choi
et al., 2009); however, due to the riboswitch action, the mRNA
corresponding to themgtACR is observed primarily upon growth
in media containing very low (i.e., 10 mM) Mg2+ (Choi et al., 2009;Cell 142, 737–748, September 3, 2010 ª2010 Elsevier Inc. 737
Figure 1. Expression of the Salmonella
Mg2+ Transporter Gene mgtA Is Regulated
by the PhoP/PhoQ System, the Rob Protein,
and the mgtA LR
When the sensor PhoQ detects low extracytoplas-
mic Mg2+, acid pH, or antimicrobial peptides,
it promotes phosphorylation of the PhoP protein,
which binds to the mgtA promoter resulting in
transcription initiation. Rob promotes mgtA tran-
scription in response to a yet unidentified signal.
Transcription elongation into themgtA CR is regu-
lated by the mgtA leader via a Mg2+-sensing
riboswitch and by translation of an 18 codon
proline-rich ORF designated mgtL. The mgtL
ribosome binding site is denoted by RBS adjacent
to a black line. Positions and sequences of stop
codon mutations in the strains used in the experi-
ments presented in Figure 4 are denoted below the
linear mgtL RNA sequence. High-Mg2+ and high-
proline conditions promote formation of stem
loop B, hindering transcription elongation into the
mgtA CR. Low Mg2+ and/or low proline favor
formation of stem loop C, resulting in transcription
of the mgtA CR. See also Figure S1.Cromie and Groisman, 2010; Cromie et al., 2006). This raises the
possibility of additional signals and/or genetic elements acting on
the mgtA leader mRNA synthesized when Salmonella experi-
ences inducing conditions for PhoP/PhoQ and/or Rob to
promote transcription elongation into themgtA CR.
Here we demonstrate that themgtA LR harbors an ORF rich in
proline codons that enables Salmonella to control transcription
elongation into themgtA CR in response to changes in cytosolic
proline levels. We establish that high osmolarity promotes tran-
scription of the mgtA CR in a fashion dependent on the proline
codons present in the identified ORF. Also, we show that the
low Mg2+ signal and the low proline signal act synergistically to
increase themRNA levels for themgtACR. Our findings highlight
the complexity of RNA regulatory sequences and provide
a singular example of a leader RNA that utilizes two distinct
mechanisms to detect two different signals.
RESULTS
Identification of a Translated ORF in the mgtA LR
In a search for new factors that might regulate mgtA expression
by acting upon themgtA leader mRNA, we introduced a plasmid
library made in the multicopy number vector pUC19 into strain
YS774 (see Table S1 available online), which harbors the
PhoP-independent plac1-6 promoter driving transcription of
a lac fusion in the mgtA CR from the normal (i.e., PhoP-depen-
dent) start site (Cromie et al., 2006). Ampicillin-resistant trans-738 Cell 142, 737–748, September 3, 2010 ª2010 Elsevier Inc.formants recovered on X-Gal-containing
Luria-Bertani (LB) ampicillin agar plates
that were of a darker or lighter shade of
blue than those that received a plasmid
control were purified and their plasmid
DNA extracted and used to transform
strain YS809, a derivative of strainYS774 with the same mgtA-lac transcriptional fusion. One of
the plasmids—designated pSL55—promoted higher levels of
mgtA-lac expression than the plasmid control (Figure 2A), like
it did in strain YS774, indicative that the observed phenotype
was plasmid linked. Plasmid pSL55 appears to promote mgtA-
lac expression specifically because it had no effect on the Lac
phenotype of strains harboring lac transcriptional fusions in the
CRs of the PhoP-dependent mgtC gene or the PhoP-indepen-
dent corA gene (data not shown). ThemgtC and corA transcripts
also include long leaders (Lejona et al., 2003) (T. Latifi and E.A.G.,
unpublished results) and specify proteins participating in Mg2+
homeostasis (Blanc-Potard and Groisman, 1997; Maguire,
2006; Soncini et al., 1996).
Sequencing of the insert in pSL55 revealed the presence
of 1579 nucleotides corresponding to position 78347–79925 in
the chromosome of strain 14028s, which is a portion of the
3228 nucleotide long carB gene (see Table S2 for primers).
The insert operates in an orientation-dependent manner
because it did not alter mgtA-lac expression when cloned into
pUC18 where the opposite strand is transcribed (data not
shown). Although this suggested that pSL55 might promote
mgtA-lac expression by functioning as an antisense RNA for
the carB transcript, we ruled out this possibility because
pSL55 upregulated mgtA transcription even in a strain deleted
for the carB gene (Figure 2A). Given that a transcript correspond-
ing to the strand opposite the carB gene was not detected when
RNA was harvested from wild-type Salmonella grown in LB or in
AB
Figure 2. Plasmid pSL55 PromotesmgtA-lac Transcription by Inter-
fering with mgtL Translation
(A) b-galactosidase activity (Miller units) from a chromosomal mgtA-lac tran-
scriptional fusion driven by the plac1-6 promoter was determined in wild-type
(YS809), carB (SP31), and hfq (SP54) strains harboring plasmids pSL55,
pSL55-Mut, or a control plasmid. Bacteria were grown in LB medium for
4.5 hr. Shown are the mean and standard deviation (SD) from two independent
experiments.
(B) Nucleotide sequences corresponding to position 61–75 from the mgtA LR
including themgtL ribosome binding sequence (RBS; horizontal black line) and
start codon (bold AUG) (top); the sequence of the pSL55-derived transcript
that is complementary to the mgtA leader mRNA (middle); and the sequence
of the pSL55-Mut-derived transcript that is no longer complementary to
the mgtA leader mRNA (bottom).N-minimal media (data not shown), and that mgtA-lac was not
derepressed in the DcarB strain (Figure 2A), we concluded that
pSL55 upregulates mgtA-lac expression by a mechanism that
does not involve the carB gene.
We then examined the nucleotide sequence of the insert in
pSL55 and identified a 15 nucleotide segment that is comple-
mentary to nucleotides 61–75 in the mgtA leader RNA
(Figure 2B). Interestingly, this region corresponds to the potential
start codon and ribosome binding site for a previously unidenti-
fied 18 codon ORF—hereafter designated mgtL—that begins at
position 71 and ends at position 124 (Figure 1). The presence of
an ORF and ribosome binding site is conserved in themgtA LRs
from Escherichia coli, Shigella flexneri, Klebsiella pneumoniae,
Citrobacter koseri, Enterobacter sp. 638, Dickeya zeae, Dickeya
dadantii, and Serratia proteamaculans (Figure 3A). The mgtA
leader sequences from all these species have the potential ability
to form the alternative stem loop structures B and C identified in
the Salmonella mgtA leader (Figure 1) (Cromie et al., 2006) (data
not shown).
We determined that mgtL is translated in vivo because wild-
type Salmonella carrying the medium-copy-number plasmid
pmgtL-0lacZ, with the fullmgtL coding sequence and its putative
ribosome binding site fused in frame to the E. coli lacZ gene start-ing at the ninth codon, produced high levels of b-galactosidase,
whereas an isogenic strain harboring a modified plasmid with
a stop codon after the 17thmgtL codon did not (FigureS1). (There
is a potential start codon at position 26–28 in theSalmonellamgtA
leader sequence that is in frame with the mgtL ORF and is
precededbyapossible ribosomebindingsite [Figure1].However,
the AUG at this position does not appear to be a true translation
start site becausefirst, the sequencebetweennucleotides26and
70 is not conserved in the other examined species, and second,
wild-type Salmonella harboring plasmid pmgtLD2nt-0 lacZ, a
derivative of plasmid pmgtL-0lacZ with two nucleotides deleted
at position 29–30, which creates a stop codon at position
79–81 for the ORF starting at position 26, still expressed high
levels of b-galactosidase [Figure S1].) The strains harboring plas-
mids pmgtL-0lacZ and pmgtLD2nt-0lacZ displayed similar levels
of b-galactosidase following growth in low and high Mg2+
(Figure S1). These data indicate thatmgtL translation is not regu-
lated by changes in the Mg2+ concentration in the media. More-
over, they reflect that in the pmgtL-0lacZ and pmgtLD2nt-0lacZ
plasmids, mgtL-lac transcription is initiated from a Mg2+-blind
promoter and the Mg2+-responding riboswitch is disrupted.
InhibitingmgtL Translation Promotes Expression
of themgtA CR
Plasmid pSL55 appears to upregulate mgtA-lac expression by
producing a trans-acting RNA that interferes with mgtL transla-
tion because first, the region of complementarity with the mgtA
leader corresponds to the ribosome binding site and start codon
of mgtL (Figure 2B). Second, inactivation of the hfq gene, which
codes for the RNA chaperone usually required for pairing
between trans-acting regulatory RNAs and their targets
(Brennan and Link, 2007), eliminated pSL55’s regulatory effect
(Figure 2A). And third, pSL55-Mut, a pSL55 derivative with nucle-
otide substitutions in the region of complementarity with the
mgtA LR (Figure 2B), could not upregulate mgtA expression
(Figure 2A).
If plasmid pSL55 derepresses mgtA-lac transcription by
inhibiting mgtL translation, we reasoned that disrupting mgtL
translation by other means might have the same effect. To test
this hypothesis, we introduced mutations in plasmid pYS1010,
which harbors the plac1-6 derivative of the lac promoter driving
transcription of the full-length mgtA LR fused to a promoterless
lacZ gene and confers Mg2+-regulated synthesis of b-galactosi-
dase (Cromie et al., 2006). Wild-type Salmonella harboring
pYS1010 derivatives with stop codons at positions 80–82,
89–91, or 98–100 (Figure 1) produced high levels of b-galactosi-
dase when grown in highMg2+ (Figure 4A). These levels were 46-
to 89-fold higher than those displayed by the strain carrying the
original plasmid pYS1010.
The high expression levels exhibited by strains harboring
pYS1010 derivatives with stop codon mutations in mgtL are
probably due to lack of translation of the full-length mgtL
(as opposed to resulting from major alterations in the mgtA
leader RNA structure that lock the riboswitch in an ON state)
because first, a plasmid expressing the amber suppressor
supF restored normal levels of mgtA-lac transcription to the
strain harboring a pYS1010 derivative with an amber stop codon
at position 98–100 whereas the plasmid vector had no effectCell 142, 737–748, September 3, 2010 ª2010 Elsevier Inc. 739
AB
Figure 3. The Presence of an Open Reading Frame and Ribosome-Binding Site Is Conserved in the mgtA LR from Salmonella enterica,
Escherichia coli, Shigella flexneri, Citrobacter koseri, Klebsiella pneumoniae, Enterobacter sp. 638, Dickeya zeae, Dickeya dadantii, and
Serratia proteamaculans
(A) Alignment of the RNA sequences corresponding to the ribosome binding site andmgtL from the species listed above. Sequences in blue correspond tomgtL.
Asterisks correspond to nucleotides conserved in all species. The number of nucleotides shown in each line is indicated to the right of the nucleotide sequences.
(B) Alignment of the deduced amino acid sequences corresponding tomgtL from the species listed above. Sequences in yellow correspond to proline residues.
Asterisks correspond to positions conserved in all species. The number of sense codons in the mgtL ORFs is indicated to the right of the deduced amino acid
sequences.(Figure 4C). Furthermore, the supF-promoted suppression was
specific because the supF-carrying plasmid did not reduce
expression in a strain carrying a pYS1010 derivative with an
opal stop codon at the same position (Figure 4C), nor did
it modify it in a strain with the original pYS1010 plasmid carrying
the wild-type mgtA leader sequence (Figure 4C). Second,
the structures of the wild-type and stop codon mutant mgtA
leaders were comparable when examined by in-line probing
(Figure S2A). And third, in vitro transcription assays demon-
strated that Mg2+ regulated transcription elongation beyond
the mgtA LR similarly in DNA templates corresponding to the
wild-type and stop codon mutant mgtA leaders (Figure S2B).
We next tested whether inhibiting mgtL translation by means
other than mutation of the mgtA LR affected the mRNA levels
for the mgtA CR. The protein synthesis inhibitor tetracycline
promoted an 28-fold increase in the mgtA CR mRNA 15 min
after its addition to wild-type Salmonella (Figure 4D). Thus, tetra-
cycline could overcome the transcriptional silencing of themgtA
CR that normally takes place when wild-type Salmonella experi-
ences 500 mMMg2+ (Cromie and Groisman, 2010; Cromie et al.,
2006). Tetracycline appears to affect the mRNA levels produced
from themgtA CR specifically because there was little change in
the mRNA levels of the mgtA LR or the phoP CR, which were
examined as controls (Figure 4D). Addition of chloramphenicol
also increased the mRNA levels of the mgtA CR in wild-type
Salmonella (data not shown), implying that the derepression740 Cell 142, 737–748, September 3, 2010 ª2010 Elsevier Inc.promoted by protein synthesis inhibitors is not limited to a partic-
ular mechanism of action. Tetracycline exerts its effect on the
mgtA LR (as opposed to the mgtA promoter) because
it increased lacZmRNA levels in wild-type Salmonella harboring
plasmid pYS1010 (data not shown). Furthermore, tetracycline
acts by inhibiting mgtL translation because it did not promote
a significant increase in lacZ mRNA levels in wild-type Salmo-
nella carrying the pYS1010 derivative with a stop codon at posi-
tion 98–100 (data not shown). Taken together, our results
indicate that interfering withmgtL translation by genetic or phar-
macological means increases the mRNA levels for themgtA CR.
The mgtL-encoded peptide does not appear to act in trans
because a plasmid carrying mgtL DNA failed to restore normal
mgtA-lac expression in strains harboring pYS1010 derivatives
with stop codons at different positions in mgtL (Figure S2C).
This suggested that mgtL exerts its regulatory effect in cis and
raised the question as to the physiological signal controlling
mgtL translation.
Proline Limitation Enhances Transcription
of themgtA CR
The Salmonella mgtL sequence includes four proline codons
(Figure 1), which is a disproportionately high frequency for an
18 codon ORF. The number and location of the proline codons
(at the third, fifth, seventh, and ninth positions) are largely
conserved in the nine examined species (Figures 3A and 3B).
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Figure 4. Translation of mgtL Governs
Transcription Elongation beyond the
mgtA LR
(A) b-galactosidase activity (Miller units) produced
by wild-type Salmonella (14028s) harboring
plasmid pYS1010 with the wild-type mgtA leader
(Cromie et al., 2006), or derivatives with stop
codons at different positions in mgtL and/or
mutations that hinder stem loop C formation:
pstop 80–82; pstop 89–91; pstop 98–100; pstop
107–109; pstop 110–112; pstop 107–109 D110–
112; pYS1010-G120C; pstop 80–82-G120C;
pYS1010-C145G; and pstop 98–100-C145G.
Bacteria were grown in N-minimal medium with
10 mM Mg2+ for 4 hr. Shown are the mean and
SD from at least three independent experiments.
(B) b-galactosidase activity produced by the
strains listed in (A). Bacteria were grown in
N-minimal medium with 10 mM Mg2+ for 4 hr.
Shown are the mean and SD from at least three
independent experiments.
(C) b-galactosidase activity produced by wild-type
Salmonella (14028s) harboring plasmid pUHsupF
or the plasmid vector pUH21-2lacIq, and
pYS1010 or its derivatives with UAG (pstop
98–100; amber) or UGA (pstop 98–100; opal)
stop codons at position 98–100 in themgtA leader.
Bacteria were grown in N-minimal medium with
500 mM Mg2+ for 3 hr and with 1 mM IPTG for
1 hr. Shown are the mean and SD from three inde-
pendent experiments.
(D) Fold change in the mRNA levels of themgtA LR
and the mgtA and phoP CRs produced by wild-
type Salmonella (14028s) treated with the protein
synthesis inhibitor tetracycline (25 mg/ml). Expres-
sion levels of target genes were normalized to that
of the 16S ribosomal RNA rrs gene. Fold change
was calculated by dividing the mRNA levels from
samples taken 15 min after treatment with tetracy-
cline (T150) by that of samples taken before addi-
tion of the antibiotic (T00). Shown are the mean
and SD from three independent experiments.
(E) Fold change in themRNA levels of themgtA LR and themgtA and phoPCRs produced by a proline auxotrophic strain (EG19886) grown inmodified N-minimal
media with 500 mM Mg2+ in the presence of 1 mM proline for 1 hr, and then grown for 15 min in media containing or lacking proline. Expression levels of target
genes were normalized as described in (D). Fold change was calculated by dividing the mRNA levels of cells grown in the absence of proline by that of cells grown
in the presence of proline. Shown are the mean and SD from three independent experiments.
(F) Fold change in the mRNA levels of themgtA LR and themgtA and phoP CRs produced by wild-type Salmonella (14028s) grown and analyzed as described in
(D). Shown are the mean and SD from two independent experiments.
See also Figure S2.Because the proline codons are located in themgtL region where
introduction of stop codons heightens expression downstreamof
the mgtA leader (Figure 1), we hypothesized that a drop in the
cytosolic proline levels might decrease the availability of proline-
charged tRNAs, causing ribosome stalling at mgtL proline
codons, leading to formation of stem loop C and an increase in
the levels of the mgtA CR mRNA. By contrast, when cytosolic
proline is abundant, coupling of mgtA leader transcription and
mgtL translation would be restored, thereby favoring formation
of stem loop B and reducing the production ofmgtA CR mRNA.
To explore this hypothesis, we grew a proline auxotroph in the
presence of 1 mM proline for 1 hr, washed the cells, split
the culture into two different media—one containing and one
lacking proline—and then harvested the mRNA 15 min later.The mRNA level for themgtA CR was 8-fold higher in organisms
grown in the absence of proline than in those grown in its pres-
ence (Figure 4E). This effect was unique to the mgtA CR, as no
differences were detected in the mRNA levels corresponding
to the mgtA LR or the phoP CR (Figure 4E). Furthermore,
it was specific for proline, as limitation for histidine, which does
not have codons in the mgtL sequence (Figure 1), failed to
increase the mRNA level for the mgtA CR (data not shown).
Indeed, despite the presence of three arginine codons in mgtL
(Figure 1), arginine limitation did not promote an increase in the
mRNA levels of the mgtA CR in an arginine auxotroph (data not
shown). Perhaps this reflects the location of the arginine codons,
one of which is in stem loop C, and that the remaining arginine
codons may not be sufficient to mediate mgtA derepression.Cell 142, 737–748, September 3, 2010 ª2010 Elsevier Inc. 741
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Figure 5. ThemgtA Leader Responds to Proline and Mg2+ Indepen-
dently and Requires the mgtL Proline Codons for Regulation of the
mgtA CR by Changes in the Proline Concentration
(A) Fold change in the mRNA levels of the mgtA LR and the mgtA and phoP
CRs produced by a proline auxotroph (SP1; mgtL+), or derivatives in which
the mgtL proline codon at the third position was substituted (SP2; Pro3), the
last three mgtL proline codons were substituted (SP61; Pro5,7,9), or in which
all mgtL proline codons were substituted (SP8; Pro3,5,7,9). Bacteria were
grown and mRNA was analyzed as described in Figure 4E. Shown are the
mean and SD from three independent experiments.
(B) Fold change in the mRNA levels of the mgtA LR and the mgtA and phoP
CRs produced by the strains described in (A). Bacteria were grown in modified
N-minimal medium with 10 mM or 500 mMMg2+ for 3.5 hr. Expression levels of
target genes were normalized as described in (A). Fold change was calculated
by dividing the mRNA levels of cells grown in N-minimal medium with 10 mM
Mg2+ by those present in cells grown in 500 mM Mg2+. Shown are the mean
and SD from three independent experiments.
742 Cell 142, 737–748, September 3, 2010 ª2010 Elsevier Inc.Proline limitation promoted a 2-fold increase in the mRNA
levels of themgtA CR in wild-type (i.e., prototrophic) Salmonella
(Figure 4F). Although this is lower than the increase observed in
the proline auxotroph (Figure 4E), it is similar to the gene expres-
sion changes promoted by branched-chain amino acids in the
attenuation-regulated ilvGMEDA operon (Chen et al., 1991).
Moreover, it is higher than what has been reported for the atten-
uation-regulated trp operon, where starvation for tryptophan
does not alter trp expression in a tryptophan prototroph
(Yanofsky and Horn, 1994).ThemgtL Proline Codons Are Necessary
for the Response to Proline Limitation
We determined that proline limitation failed to promote an
increase in the mRNA levels for the mgtA CR in a derivative of
the proline auxotroph with all fourmgtL proline codons replaced
by codons specifying other amino acids (Figure 5A). As found
with the isogenic mgtL+ strain, proline limitation had little effect
on the mRNA levels for the mgtA leader and phoP CRs
(Figure 5A). Importantly, the mutant still responded to changes
in the Mg2+ concentration (Figure 5B) (albeit not as well as the
isogenic strain with a wild-type mgtA leader), indicating that
the proline codon substitutions did not lock the mutant into an
inactive conformation. These data indicate that themgtL proline
codons are essential for the response to proline limitation, and
they suggest that this ability is distinct from the mgtA leader’s
role as a Mg2+-sensing device.
We hypothesized that the proline codon at the third position of
mgtLmight not be required for regulation ofmgtA expression by
proline becauseD. dadantii does not have a proline codon at this
position (Figures 3A and 3B). Indeed, aSalmonella strain in which
the mgtL proline codon at the third position was replaced by
a leucine codon derepressed the mgtA CR mRNA when limited
for proline, like the strain with the wild-type mgtL (Figure 5A).
However, this mutant still responded to changes in the Mg2+
concentration, but to a smaller degree than the mutant
substituted in all four mgtL proline codons (Figure 5B).
The results presented above suggested that replacement of
themgtL proline codons at the fifth, seventh, and ninth positions
by codons specifying other amino acids might be sufficient to
eliminate the response to proline. As predicted, there was little
derepression of the mgtA CR mRNA upon proline limitation in
a derivative of the proline auxotroph with the last three mgtL
proline codons substituted by the same codons as in the mutant
with substitutions in all four mgtL proline codons (Figure 5A). As
with the other isogenic strains, proline limitation did not affect the
mRNA levels of the mgtA leader and phoP CRs (Figure 5A).
The response to Mg2+ of the mgtL derivative with substitutions
in the last three proline codons was intermediate to that(C) Relative mRNA levels of the mgtA LR and the mgtA and phoP CRs
produced by a proline auxotroph (EG19886) that experienced 500 mM Mg2+
and 1 mM proline, 500 mMMg2+ and no proline, 5 mMMg2+ and 1 mM proline,
or 5 mMMg2+ and no proline for 15 min. Relative mRNA levels were calculated
by dividing the mRNA levels of cells grown in a given condition by those
present in cells grown in 500 mMMg2+ and 1mMproline. Shown are themeans
and SD from three independent experiments.
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Figure 6. Hyperosmotic Shock Promotes Transcription of the mgtA
CR in a Process that Requires the mgtL Proline Codons
Relative mRNA levels of the mgtA LR and the mgtA and phoP CRs produced
by wild-type Salmonella (YS957) (A), or a derivative in which all mgtL proline
codons were substituted (EG19870) (B). Bacteria were grown for 1 hr in modi-
fied N-minimal medium without casamino acids containing 500 mM Mg2+ and
either no additional supplements (-), 1 mM glycine betaine (G), 0.3 M NaCl (N),
0.3 M NaCl and 1 mM glycine betaine (NG), or 0.3 M NaCl and 1 mM proline
(NP). Relative mRNA levels were calculated by dividing the mRNA levels of
cells grown under the specified condition by the mRNA levels present in cells
grown in 500 mM Mg2+ (i.e., with no additional supplement). Shown are the
mean and SD from three independent experiments.exhibited by the one with the third proline codon substituted and
the one with all four proline codons substituted (Figure 5B).
Synergism between the Low Mg2+ and the Proline
Limitation Signals
To examinewhether directMg2+ sensing by themgtA leader RNA
affects indirect proline sensing by themgtL ORF and vice versa,
we grew the mgtL+ proline auxotrophic strain in the presence of
500mMMg2+and1mMproline for 1 hr,washed thecells, and split
the culture into four different media containing either 500 mM
Mg2+ and 1 mM proline, 500 mM Mg2+ and no proline, 5 mM
Mg2+ and 1 mM proline, or 5 mM Mg2+ and no proline. Fifteen
minutes later, we determined the mRNA levels corresponding
to themgtA and phoP CRs as well as to themgtA LR. We found
that the mRNA levels corresponding to themgtA CRwere higher
in cells experiencing both low Mg2+ and low proline than in cells
limited only for Mg2+ or for proline (Figure 5C). As expected, the
mRNA levels corresponding to the mgtA LR and the phoP CR
were higher in cells experiencing 5 mM Mg2+ than in those
exposed to 500 mMMg2+ (Figure 5C), reflecting that the amount
of activated PhoP protein increases as the Mg2+ concentration
in the media decreases (Shin et al., 2006). Our results support
the notion that Mg2+ and proline are sensed independently
by the mgtA leader RNA. Furthermore, they suggest synergism
between the two inducing signals because the mRNA levels for
the mgtA CR were higher in cells experiencing both low Mg2+
and low proline than the sum of the mRNA levels produced by
cells experiencing only low Mg2+ or low proline (Figure 5C).
In agreement with this notion, wild-type Salmonella harboring
plasmid pYS1010 derivatives with early stop codons in the
mgtL sequence produced more b-galactosidase when grown in
lowMg2+ than the sumof theb-galactosidase activities produced
by the same strains grown in high Mg2+ plus the b-galactosidase
activity produced by wild-type Salmonella carrying pYS1010
grown in low Mg2+ (Figures 4A and 4B).
Hyperosmotic Shock Promotes an Increase in themgtA
CR mRNA Levels
Proline plays twomajor functions in bacterial cells: it is a compo-
nent of proteins and it can function as an osmoprotectant
(Csonka and Leisinger, 2007). Thus, we hypothesized that
when bacteria experience hyperosmotic shock, the increased
requirement for proline in osmoprotection might decrease its
availability to charge proline tRNAs. This could potentially lead
to ribosome stalling at the mgtL proline codons and result in
derepression of the mgtA CR. We tested this hypothesis by
comparing the mRNA levels produced by wild-type Salmonella
experiencing hyperosmotic shock in the presence or absence
of osmoprotectants.
We determined that the mRNA levels corresponding to the
mgtA CR were 6-fold higher when Salmonella experienced
500 mM Mg2+ + 0.3 M NaCl for 1 hr than in organisms grown in
500 mM Mg2+ (Figure 6A). By contrast, the mRNA levels for the
mgtA LR and the phoP CR were similar under the two growth
conditions (Figure 6A), indicative that the induction of the mgtA
CR mRNA levels promoted by high osmolarity is not mediated
by the PhoP-dependent mgtA promoter. Addition of the osmo-
protectant glycine betaine together with NaCl compromisedthe induction of the mgtA CR mRNA promoted by NaCl but
had negligible effects when added in the absence of NaCl
(Figure 6A). Proline had a similar (albeit not as strong) effect as
glycine betaine (Figure 6A), presumably because it is not as
effective as glycine betaine in osmoprotection (Cayley et al.,
1992). The increase in the mgtA CR mRNA levels provoked by
hyperosmotic shock requires an intact mgtL ORF, because it
was not observed in an isogenic strain substituted in all four
mgtL proline codons (Figure 6B). Cumulatively, these data
demonstrate that hyperosmotic shock promotes transcription
of the mgtA CR in an mgtL-dependent manner.
Formation of Stem Loop C Is Necessary
for Transcription of themgtA CR
Because transcription and translation are coupled in bacteria,
when cytosolic proline is abundant, a ribosome translating the
complete mgtL sequence is likely to occlude the left arm ofCell 142, 737–748, September 3, 2010 ª2010 Elsevier Inc. 743
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Figure 7. Regulation of Transcription Elon-
gation into the mgtA and trp CRs by ORFs
Located within Their Respective LRs
(A) Regulation of transcription elongation by the
mgtA leader RNA. Top: when proline levels are
limiting in the cytosol, a ribosome translating
mgtL stalls at proline codons, which favors forma-
tion of stem loop C and results in transcription of
the mgtA CR. Middle: when proline levels are not
limiting in the cytosol, a ribosome can translate
the complete mgtL ORF, which favors formation
of stem loop B and hinders transcription elonga-
tion into themgtA CR by an unknown mechanism.
Bottom: a ribosome loads but cannot translate
amutantmgtA leader with nucleotide substitutions
in the mgtL start codon, which favors formation of
stem loop C and results in transcription of the
mgtA CR.
(B) Regulation of transcription elongation by the trp
leaderRNA.Top:when tryptophan levelsare limiting
in the cytosol, a ribosome translating trpL stalls at
tryptophan codons, which favors formation of an
antiterminator structure and results in transcription
of the trp operon. Middle: when tryptophan levels
are not limiting in the cytosol, a ribosome can trans-
late the complete trpLORF, which favors formation
ofan intrinsic transcription terminatorand there isno
transcription of the trp operon. Bottom: a ribosome
loads but cannot translate a mutant trp leader with
nucleotide substitutions in the trpL start codon,
which favors formation of both the anti-antitermina-
tor and terminator structures and there is no tran-
scription of the trp operon. Note the different posi-
tion of the mgtL and trpL ORFs relative to the
sequences formingstem loopCand theanti-antiter-
minator structures, respectively, which determines
the different phenotypes resulting from mutation of
themgtL and trpL start codons.stem loop C (Figure 1 and Figure 7A). This would favor formation
of stem loop B, which has been shown to hamper transcription
elongation beyond the mgtA LR (Cromie et al., 2006).
By contrast, conditions that reduce the levels of free cytosolic
proline would promote ribosome stalling at the mgtL proline
codons, thereby advancing formation of stem loop C and result-
ing in transcription elongation into the mgtA CR (Figure 1 and
Figure 7A). Therefore, the position that a translating ribosome
reaches in themgtLORF should determine whether transcription
continues into the mgtA CR (Figure 1 and Figure 7A).
We tested our model by investigating the phenotype of wild-
type Salmonella harboring pYS1010 derivatives with stop
codons at different positions within mgtL. A derivative with
a stop codon at position 110–112, which is only six nucleotides
upstream of the left arm of stem loop C (Figure 1), produced
very low levels of b-galactosidase when grown in 10 mM Mg2+
(Figure 4A), like the isogenic strain with plasmid pYS1010
harboring the wild-type mgtA leader (Figure 4A). By contrast,
there were high levels of b-galactosidase in a pYS1010 derivative
with a stop codon at position 107–109 (Figure 4A), which is nine
nucleotides from the left arm of stem loop C (Figure 1), similar to
the behavior of strains with stop codons at positions 80–82,
89–91, or 98–100 (Figure 4A). Furthermore, the pYS1010 deriva-744 Cell 142, 737–748, September 3, 2010 ª2010 Elsevier Inc.tive with a stop codon at position 107–109 no longer conferred
high levels of b-galactosidase upon wild-type Salmonella when
nucleotides 110–112 were deleted (Figure 4A), which brought
the mgtL stop codon only six nucleotides away from the left
arm of stem loop C. Cumulatively, these results indicate that
the distance between the ribosome translating mgtL and the
nucleotides forming the left arm of stem loop C (as opposed to
the size of the translatedmgtL product) is critical formgtL-medi-
ated gene control.
If the lack of translation of the full-lengthmgtL stimulates tran-
scription elongation beyond themgtA LRby favoring formation of
stem loopC (Figure 1 and Figure 7A), hindering formation of stem
loop C should abolish this stimulation. As predicted, the G120C
and C145G substitutions in the mgtA leader (Figure 1), which
were previously shown to impede formation of stem loop C
(Cromie et al., 2006), thwarted derepression in constructs
harboring stop codons at either of twomgtLpositions (Figure 4A).
DISCUSSION
The LR of many mRNAs can respond to specific nutritional
and/or physical signals by modifying expression of the associ-
ated downstream coding sequences. Some of these leader
RNAs rely on the same mechanism to detect more than one
signal whereas others utilize different means of controlling
gene expression in response to one signal. For example, two
riboswitches located in tandem, one responding to S-adenosyl-
methionine and the other to coenzyme B12, control transcription
of the metE gene in Bacillus clausii (Sudarsan et al., 2006). In
other cases, a cis-acting riboswitch can also function as
a trans-acting regulatory RNA to modulate the expression of
genes located somewhere else in the genome (Loh et al.,
2009). The mgtA leader described here constitutes a singular
example of an mRNA leader that utilizes different mechanisms
to sense different signals.
We determined that the mRNA leader corresponding to the
Mg2+ transporter gene mgtA harbors a translated ORF rich in
proline codons designated mgtL (Figure 1; Figure S1), which is
conserved in other bacterial species (Figures 3A and 3B) and
enables Salmonella to regulate transcription elongation into the
mgtA CR in response to the levels of cytoplasmic proline.
Whereas the mgtA leader RNA senses Mg2+ directly (Cromie
et al., 2006), it monitors proline levels in an indirect fashion, via
mgtL translation (Figure 4A), using an attenuation-like mecha-
nism (Landick et al., 1996; Henkin and Yanofsky, 2002).
The dual sensing ability of the mgtA leader allows Salmonella
to transcribe themgtA CR not only when Mg2+ levels drop below
a certain threshold (Cromie and Groisman, 2010; Cromie et al.,
2006) but also under conditions resulting in a decrease in cyto-
solic proline levels (Figures 4E and 4F).
The discovery of a translatable ORF in the mgtA leader
(Figure 1; Figure S1) suggests a possible explanation for the
recent observation that the mRNA levels corresponding to the
50-most 127 nucleotides of the mgtA leader are much higher
than those for the 30-most 94 nucleotides of the mgtA leader
when Salmonella is grown in high-Mg2+ media (Spinelli et al.,
2008). This is because the RNA-processing enzyme RNase E,
which has been implicated in mgtA mRNA degradation during
growth in high Mg2+ (Spinelli et al., 2008), can target nascent
transcripts as well as complete messages (Hammarlof and
Hughes, 2008). Therefore, the ribosome translating mgtL, which
extends to position 124 in the mgtA leader (Figure 1), could
protect the 50 region of themgtA leader from RNase E action, re-
sulting in higher levels of this portion of the RNA.
mgtL Translation Regulates Transcription
of themgtA CR
We determined that interfering with mgtL translation increased
the mRNA levels for the mgtA CR (Figures 4A and 4D–4F). This
appears to result from the formation of a particular secondary
structure (i.e., stem loop C) in the mgtA leader (Figure 1 and
Figure 7A) that promotes transcription elongation into the mgtA
CR, as nucleotide substitutions impeding formation of stem
loop C (Cromie et al., 2006) prevented derepression provoked
by stop codonmutations inmgtL (Figure 4A). Because transcrip-
tion and translation are coupled in bacteria and because the
ribosome occupies 30 nucleotides, covering 12–15 nucleo-
tides from the P site (Laursen et al., 2005), the position that
a translating ribosome reaches inmgtL relative to the sequences
thatmake up stem loopCwould determine whether transcription
continues into the mgtA CR (Figure 1 and Figure 7A). If the ribo-some is too close to the sequences that make up stem loop C,
then the alternative stem loop B would form (Figure 1 and
Figure 7A), and transcription would not continue into the mgtA
CR. For instance, stop codons at positions 80–82, 89–91,
98–100, or 107–109 in the mgtA leader resulted in derepression
whereas a stop codon at position 110–112 did not (Figure 4A).
Yet, the stop codon at position 107–109 no longer derepressed
expression if nucleotides 110–112 were also deleted (Figure 4A),
which moved the mgtL stop codon only six nucleotides away
from the left arm of stem loop C (Figure 1).
It was recently reported that a chromosomal C98T mutation in
the leader RNA causes constitutive high expression of themgtA
CR (O’Connor et al., 2009). In the original description of this
mutation, it was not clear why this nucleotide substitution should
alter mgtA expression, but we now see that it created a stop
codon inmgtL that is identical to the mutation we had previously
constructed, which resulted in constitutive high expression of
mgtA (Figures 4A and 4B).
The mgtL proline codons are located at positions 77–79,
83–85, 89–91, and 95–97 (Figure 1), which correspond to the
region where placing a stop codon results in derepression (Fig-
ure 4A). Therefore, we propose that when cytosolic proline levels
are low, there would be less proline-charged tRNAs, resulting in
ribosome stalling at mgtL proline codons. This would favor
formation of stem loop C and transcription elongation into the
mgtA CR (Figure 7A). In contrast, when cytosolic proline levels
are high, the ribosome would translate the complete mgtL
sequence, thereby occluding the left arm of stem loop C and,
in this manner, favor formation of stem-loop B (Figure 7A) and
hinder transcription of the mgtA CR. Interestingly, despite
utilizing different mechanisms to sense proline and Mg2+, the
mgtA leader relies on formation of the same structure—stem
loop C—to promote transcription elongation into the mgtA CR,
because mutations that hinder formation of stem loop C pre-
vented the derepression caused by stop codons in mgtL
(Figure 4A) and by low Mg2+ (Figure 4B) (Cromie et al., 2006).
The regulation of mgtA by changes in the cytosolic proline
concentration is reminiscent of class I transcription attenuation,
where certain amino acid biosynthetic operons are regulated by
translation of a short ORF in the LR. These ORFs are rich in
codons specifying the amino acid(s) synthesized by the enzymes
encoded in the operon (Landick et al., 1996). Yet, there are signif-
icant differences between the two systems. First,mgtA codes for
a transporter rather than for an amino acid biosynthetic enzyme.
This provides experimental support for the proposal, based on
genomic analysis, that classical transcriptional attenuators
might direct the expression of operonsmediating functions other
than nutrient biosynthesis (Merino and Yanofsky, 2005). Second,
the position of the leader ORF relative to the potential RNA
secondary structures that can be adopted differs between the
mgtA leader (Figure 7A) and the leaders of attenuation-regulated
amino acid biosynthetic operons such as the trp operon
(Figure 7B). This provides a plausible explanation for the oppo-
site effects that mutation of the leader ORF start codon has in
these two classes of leaders. It results in superattenuation for
the trp operon (Landick and Yanofsky, 1987) because there
would be no ribosomes to stall at Trp codons, which would result
in formation of a terminator structure (Figure 7B). However,Cell 142, 737–748, September 3, 2010 ª2010 Elsevier Inc. 745
it gives rise to derepression of the mgtA CR (our unpublished
results), because formation of stem loop C would be favored
when mgtL is not translated (Figure 7A). Third, an intrinsic
terminator structure forms in the trp leader when the levels of
charged tRNATrp are high and the ribosome does not pause at
the consecutive Trp codons in the leader ORF (Landick and
Yanofsky, 1987) (Figure 7B). This is in contrast to the absence
of an intrinsic transcription terminator in themgtA leader, where
sequences located downstream of the stem loop B structure
(Figure 1) are necessary to control transcription elongation into
the mgtA CR (Cromie et al., 2006) by an unknown mechanism.
And fourth, apart from utilizing a classical transcription attenua-
tion-like mechanism to mediate the response to proline, the
mgtA leader senses Mg2+ directly functioning as a riboswitch
(Cromie et al., 2006). This raises the intriguing possibility of clas-
sical transcriptional attenuators also sensing physical and/or
chemical signals directly.
High Osmolarity Enhances the mRNA Levels of the Mg2+
Transporter Gene mgtA
Why does proline limitation promote transcription of the Mg2+
transporter gene mgtA? We contemplated the possibility of the
MgtA protein being a conduit for proline whereby cells experi-
encing low proline would derepress expression of a proline
import system. However, we found that [14C]proline uptake
was similar between wild-type and mgtA Salmonella, and
between a triple mutant lacking all known proline uptake
systems (ProP, ProU, and PutP) (Csonka and Leisinger, 2007)
and the isogenic mgtA derivative (our unpublished results). We
also considered that MgtA-mediated Mg2+ uptake might be
necessary for proline biosynthesis, because the activity of the
proline biosynthetic enzyme glutamate 5-kinase is Mg2+ depen-
dent (Perez-Arellano et al., 2005). Yet, inactivation of the mgtA
gene did not render Salmonella auxotrophic for proline (our
unpublished results).
We determined that hyperosmotic shock promoted an
increase in the mRNA levels corresponding to the mgtA CR
(Figure 6A). This appears to result from a transient decrease in
the levels of charged-proline tRNAs taking place when proline
is used as an osmoprotectant, as there would be less cytosolic
proline available to charge the tRNAPros. Indeed, the increase
in mgtA mRNA levels was severely compromised if the osmotic
shock was alleviated by the osmoprotectant glycine betaine,
which did not influence mgtA expression when added in the
absence of NaCl (Figure 6A). The osmotic shock-promoted
increase in the mRNA levels for the mgtA CR requires the mgtL
proline codons, because a mutant with substitutions in all four
proline codons in mgtL lost the ability to derepress the mgtA
CR mRNA in response to hyperosmotic shock (Figure 6B).
Why does hyperosmotic shock induce transcription of the
Mg2+ transporter gene mgtA when Salmonella also harbors
the constitutively expressed Mg2+ transporter CorA? On the
one hand, high osmolarity promotes excretion of putrescine
(Schiller et al., 2000), which constitutes the major organic diva-
lent cation in bacterial cells and is normally bound to nucleic
acids (Wortham et al., 2007). This might create an increased
need for Mg2+ in order to neutralize the negatively charged
DNA and RNA, and to stabilize structures such as membranes746 Cell 142, 737–748, September 3, 2010 ª2010 Elsevier Inc.and ribosomes, which could be affected during hyperosmotic
stress. On the other hand, CorA-mediated Mg2+ uptake may
be compromised because it is driven by the membrane potential
(Froschauer et al., 2004), which decreases in cells experiencing
high osmolarity (Csonka, 1989). Yet, this stress would not affect
Mg2+ uptake by the P-type ATPase MgtA protein because it is
energized by ATP hydrolysis (Maguire, 1992).
That proline limitation promotes expression of the MgtA Mg2+
transporter suggests that there is a physiological connection
between proline and Mg2+. In agreement with this notion, tran-
scription of the proline transporter gene proP is promoted during
growth in low Mg2+ by the PhoP protein (Eguchi et al., 2004),
which directs transcription initiation of the mgtA gene (Garcia
Vescovi et al., 1996).
EXPERIMENTAL PROCEDURES
Bacterial Strains, Plasmids, Primers, and Growth Conditions
Bacterial strains and plasmids used in this study are listed in Table S1. Primers
used in this study are listed in Table S2. Unless otherwise stated, bacteria were
grown at 37C in LB broth or in N-minimal medium (pH 7.4) (Snavely et al.,
1991) supplemented with 0.1% casamino acids, 38 mM glycerol, and the indi-
cated concentration of MgCl2.
Construction of Strains with Chromosomal Mutations
Deletion strains were constructed using the one-step inactivation method
(Datsenko and Wanner, 2000). See Extended Experimental Procedures for
detailed protocols.
Treatment with Bacteriostatic Protein Synthesis Inhibitors
An overnight bacterial culture grown in N-minimal medium with 10 mM MgCl2
was used to inoculate 125 ml flasks containing 10 ml of the same medium
(1:50 dilution) and grown for 3 hr at 37C with shaking. To promote PhoP-
dependent mgtA transcription initiation, bacteria were washed and resus-
pended in 10 ml of N-minimal medium with 500 mM MgCl2. Following growth
for 1 hr, a 500 ml aliquot was removed to determine the mRNA levels before
treatment. Subsequently, tetracycline (to 25 mg/ml final concentration) or
chloramphenicol (to 200 mg/ml final concentration) was added and bacteria
were grown for 15 min, when they were harvested and their RNA was isolated
for analysis.
Effect of Proline Limitation
Bacteria were grown overnight in modified N-minimal medium containing
0.2% glucose, 10 mM MgCl2, and 1 mM proline. The overnight culture was
used to inoculate 125ml flasks containing 10ml of the samemedium (1:50 dilu-
tion) and grown for 3 hr at 37C with shaking. The harvested bacteria were
washed in the modified N-minimal medium containing 500 mM MgCl2, and
grown in 10 ml of the same medium with 1 mM proline for 1 hr. After removing
a 250 ml aliquot to determine the mRNA levels before treatment, the harvested
bacteria were washedwith themodified N-minimal medium containing 500 mM
MgCl2, and suspended in 100 ml of the same medium. To see the effect of
proline limitation, the suspended bacterial cells were split into two flasks con-
taining the modified N-minimal media with 500 mM MgCl2 and a mixture of
each of the 19 essential amino acids (50 mM final concentration for each of
them): one flask contained 1 mM proline and the other had no proline added.
Bacteria were grown for 15 min, when they were harvested and their RNA was
isolated for analysis.
Testing Effect of Growth in High versus Low Mg2+
Bacteria were grown overnight in modified N-minimal medium containing
0.2% glucose, 10 mM MgCl2, and 1 mM proline. The harvested bacteria
were washed in the modified N-minimal medium containing 500 mM MgCl2,
and this culture was used to inoculate 125 ml flasks containing 10 ml of the
modified N-minimal medium containing either 500 mM MgCl2 or 10 mM
MgCl2 (1:50 dilution) and grown for 3.5 hr at 37
C with shaking. The bacteria
were then harvested and their RNA was isolated for analysis.Testing Effect of Mg2+ and/or Proline Limitation Treatment
Bacteria were grown overnight in modified N-minimal medium containing
0.2% glucose, 10 mM MgCl2, and 1 mM proline. The overnight culture
was used to inoculate 125 ml flasks containing 20 ml of the same medium
(1:50 dilution) and grown for 3 hr at 37C with shaking. The harvested bacteria
were washed in the modified N-minimal medium containing 500 mM MgCl2,
and grown in 20 ml of the same medium with 1 mM proline for 1 hr. The
harvested bacteria were washed with the modified N-minimal medium
containing 500 mM MgCl2, and suspended in 200 ml of the same medium.
This cell suspension was used to inoculate 125 ml flasks containing 5 ml of
media containing either 500 mM MgCl2 and 1 mM proline, 500 mM MgCl2
and no proline, no MgCl2 and 1 mM proline, or no MgCl2 and no proline
(1:100 dilution). Bacteria were grown for 15 min, when they were harvested
and their RNA was isolated for analysis.Testing Effect of Hyperosmotic Shock
Bacteria were grown overnight in modified N-minimal medium containing
0.2% glucose, 0.1% casamino acids, and 10mMMgCl2. The overnight culture
was used to inoculate 125 ml flasks containing 20 ml of the same medium
(1:50 dilution) and grown for 3.5 hr at 37C with shaking. The harvested
bacteria were washed in modified N-minimal medium containing 500 mM
MgCl2 without casamino acids and suspended in 250 ml of the same medium.
This cell suspension was used to inoculate 125 ml flasks containing 5 ml of the
modified N-minimal mediumwithout casamino acids containing 500 mMMgCl2
and either no additional supplements, 1mMglycine betaine, 0.3MNaCl, 0.3M
NaCl and 1mMglycine betaine, or 0.3MNaCl and 1mMproline. Bacteria were
grown for 1 hr at 37C with shaking, when they were harvested and their RNA
was isolated for analysis.RNA Isolation and Determination of Transcript Levels
Total RNA was extracted using an RNeasy Mini Kit (QIAGEN). cDNA was
synthesized using TaqMan reverse-transcription reagents (Applied Biosys-
tems) following the manufacturer’s instructions. Quantification of transcripts
was performed by real-time PCR using Fast SYBR Green Master Mix (Applied
Biosystems) in a 7500 Sequence Detection System (AppliedBiosystems). A list
of primers used for quantitative RT-PCR is presented in Extended Experi-
mental Procedures. See Extended Experimental Procedures for a detailed
protocol.b-Galactosidase Assays
b-galactosidase activity was determined as described (Cromie et al., 2006).SUPPLEMENTAL INFORMATION
Supplemental Information includes Extended Experimental Procedures, two
figures, and two tables and can be found with this article online at doi:10.
1016/j.cell.2010.07.046.ACKNOWLEDGMENTS
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